INTRODUCTION
============

The discovery of microRNAs (miRNAs) has opened up new avenues of research into regulation of gene expression and mechanisms of diseases. miRNAs are a group of endogenous non-coding regulatory RNAs. They are ∼22-nt long and regulate the expression of their target genes at the post-transcriptional level by cleavage of a target mRNA, translational inhibition and mRNA deadenylation ([@gks1460-B1; @gks1460-B2; @gks1460-B3; @gks1460-B4]). So far, \>1000 miRNAs have been discovered in humans. The known functions of miRNAs in animals have covered almost every aspect of cell physiology, including regulation of development timing, cell proliferation and differentiation, apoptosis, fat and lipid metabolisms, exocytosis, cancers, diabetes and other diseases ([@gks1460-B5; @gks1460-B6; @gks1460-B7]). According to the computational analysis, the majority of mammalian mRNAs are under selective pressure to be conserved targets of miRNAs ([@gks1460-B8]).

miR-375 has previously been reported as a pancreatic islet-specific miRNA. It can regulate insulin secretion and pancreatic islet development ([@gks1460-B9; @gks1460-B10; @gks1460-B11]). The identified targets of miR-375 include 3′phosphoinositide-dependent protein kinase-1 (PDK1) and Myotrophin (Mtpn). Recently, miR-375 has been shown to be a proliferation inhibitor and a tumor suppressor. The involved targets include yes-associated protein, Janus kinase 2 and PDK1 ([@gks1460-B12; @gks1460-B13; @gks1460-B14]). We have previously reported that miR-375 is expressed in the rat lung ([@gks1460-B15]). The function of miR-375 in the lung is of particular interest to us.

The epithelium of the lung is composed of cuboidal type II alveolar epithelial cells (AEC II) and squamous type I alveolar epithelial cells (AEC I). AEC II are multifunctional cells involved in surfactant synthesis and secretion, fluid transport and recovery from lung injury ([@gks1460-B16]). The main functions of AEC I are gas exchange and fluid transport ([@gks1460-B17]). AEC I can also protect lung epithelium from hyperoxic injury ([@gks1460-B18]).

During the saccular phase of lung development, columnar epithelial cells differentiate into AEC II, which contain distinctive lamellar bodies in the cytoplasm. As the air sacs expand, AEC I begin to derive from AEC II and undergo a thinning process. The squamous type I epithelium and the capillary endothelium form a thin air--blood barrier. Under a variety of disease conditions, AEC I are damaged and AEC II proliferate. Some of these AEC II keep their morphologic characteristics, whereas others trans-differentiate into AEC I ([@gks1460-B19; @gks1460-B20; @gks1460-B21]). Radioactive tracing experiment after injury reveals that tritiated thymidine is first incorporated in ACE II and is subsequently observed in AEC I, which further confirms the AEC II as progenitor cells of AEC I ([@gks1460-B22],[@gks1460-B23]). When they are cultured in plastic dishes, AEC II gradually lose their morphologic characteristics and their ability to synthesize and secrete surfactant. On the other hand, these cells obtain the characteristics of AEC I, which include the squamous appearance and expression of all known AEC I markers such as T1α and advanced glycosylation end product-specific receptor (RAGE) ([@gks1460-B24; @gks1460-B25; @gks1460-B26; @gks1460-B27]). This is a well-established *in vitro* model that mimics the AEC trans-differentiation *in vivo*. We have previously reported that TGF-β regulates the AEC trans-differentiation through the Smad pathway ([@gks1460-B27]). However, the roles of miRNAs in the regulation of this trans-differentiation process are completely unknown.

Wnt/β-catenin signaling pathway plays a critical role in the regulation of lung epithelial fate determination. In the canonical Wnt/β-catenin pathway, Wnt ligands bind to transmembrane receptors, Frizzled (FZD) and the co-receptors low-density lipoprotein receptor-related protein-5/6 (LRP5/6) ([@gks1460-B28],[@gks1460-B29]). This binding leads to the activation of Dishevelled, which results in the inhibition of β-catenin phosphorylation by glycogen synthase kinase-3β (GSK-3β) and degradation of β-catenin. The stabilized β-catenin then translocates into the nucleus, binds with T-cell factor/lymphoid-enhancing factor (TCF/LEF) transcriptional factors and regulates the expression of downstream β-catenin dependent genes, such as cyclin D1 (CCND1) and c-myc. In respiratory epithelial cells, Wnt/β-catenin signaling is necessary for branching morphogenesis and distal airway cell specification ([@gks1460-B30; @gks1460-B31; @gks1460-B32]). Some Wnt ligands, including Wnt5a and Wnt7b, are expressed in the lung epithelium ([@gks1460-B33; @gks1460-B34; @gks1460-B35]). FZD8 is also found in the lung epithelium ([@gks1460-B36]). A recent study has demonstrated that Wnt/β-catenin promotes trans-differentiation in the AEC culture model ([@gks1460-B37]).

In this study, we found that miR-375 was significantly downregulated during AEC trans-differentiation. Furthermore, we provided evidence that miR-375 regulates alveolar epithelial trans-differentiation through the Wnt/β-catenin pathway and identified FZD8 as one of the targets of miR-375.

MATERIALS AND METHODS
=====================

Isolation of AEC II
-------------------

AEC II were isolated from male Sprague--Dawley rats (200--250 g) as previously described ([@gks1460-B27]). All the animal experiments in this study followed the protocols approved by the Oklahoma State University Animal Care and Use committee. In brief, the rat lungs were perfused and isolated. They were then lavaged, and digested with elastase. The lung lobes were chopped and incubated with DNase. The mixture was then filtered through a 160-, 37- and 15-μm nylon mesh in sequence. The cells were incubated in rat immunoglobulin G (IgG)-coated plastic dishes twice for 30 min each. Cells were then pelleted and resuspended in complete medium \[minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS)\]. The cell purity was \>90% as determined by the modified Papanicolaou staining.

Alveolar epithelial trans-differentiation
-----------------------------------------

Freshly isolated AEC II were seeded into 35-mm tissue culture dishes at a density of 0.8 × 10^6^/dish. Cells were treated with different conditions after seeding and cultured for 1--5 days with medium changed on Day 1 and every other day.

RNA extraction
--------------

Total RNA were extracted from freshly isolated AEC II and cultured AEC II using mirVana^TM^ miRNA isolation kit (Ambion, Austin, TX) following the manufacturer's instructions.

Fetal lung isolation
--------------------

Whole lungs were isolated from rat fetuses on gestational day 16, 19, 21 (E16, E19, E21), new born (P0), postnatal day 6 and 14 (P6 and P14) and adult rats. For fetal lungs, pregnant Sprague--Dawley rats were sacrificed with CO~2~, and the lungs were isolated from the fetuses. For pup and adult lungs, male rats were anesthetized and sacrificed before isolation of the lungs. The lungs were homogenized immediately after isolation, and total RNA was extracted as described earlier in the text.

Quantitative reverse transcriptase-polymerase chain reaction
------------------------------------------------------------

For mRNA quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR), total RNAs were treated with TURBO DNA-free^TM^ (Ambion) to eliminate any genomic DNA contaminations. One micrograms of total RNA was reverse transcribed into cDNA using Moloney Murine Leukemia Virus reverse transcriptase. Real-time PCR was performed using SYBR Green master mix from Eurogentec (Seraing, Belgium) on an ABI 7500 fast system (Applied Biosystems, Foster City, CA). The following primers were used in this study: T1α forward, GCCATCGGTGCGCTAGAAGATGATCTT and T1α reverse, GTGATCGTGGTCGGAGGTTCCTGAGGT; RAGE forward, CTACCTATTCCTGCAGCTTC and RAGE reverse, CTGATGTTGACAGGAGGGCTTTCC; β-Catenin forward, CGAGGACTCAATACCATTCC and β-Catenin reverse, AGCCGTTTCTTGTAGTCCTG; FZD8 forward, AAGGGCATCGGTTACAACTACAC and FZD8 reverse, TCTAGGCCCGCCTCATCTT; 18 S forward, TCCCAGTAAGTGCGGGTCATA and 18 S reverse, CGAGGGCCTCACTAAACCATC. miRNA qRT-PCR was performed with as described ([@gks1460-B38]). Total RNAs were treated with DNase and were purified by phenol/chloroform extraction and ethanol precipitation. One micrograms of DNase-treated RNA were poly A-tailed and purified by phenol/chloroform extraction and ethanol precipitation. Poly A-tailed RNA was reverse transcribed into cDNA with polyT adapter as the primer, GCGAGCACAGAATTAATACGACTCACTATAGG TTTTTTTTTTTTVN. Real-time PCR was performed with a universal reverse primer, GCGAGCACAGAATTAATACGACTCAC, and a forward primer with the same sequence as mature miR-375. The real-time PCR thermal conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 65°C for 30 s. The endogenous reference gene was U6 snRNA. The comparative computed tomography method was used, and the relative expression of miRNA was calculated with the equation 2^−(CTmiRNA−CTU6)^.

Construction of adenoviral vectors
----------------------------------

The pre-miRNA sequence of hsa-miR-375 with flanking sequences of 350 nt on both the 5′ and 3′ ends was PCR amplified from human genomic DNA with the following primers: forward primer cacctcgagGCACAGCCTCTCCCACCCGTA and reverse primer gagaattcCGTGTCAGCCGCAGATGCGT. The sequence was inserted into the pENTR plasmid (Invitrogen), downstream of the cytomegalovirus-green fluorescent protein (GFP) ([@gks1460-B39],[@gks1460-B40]). The insert was then switched to the adenoviral vector through LR recombination. After digested by Pac I, the vector was transfected into 293A cells to produce adenovirus overexpressing miR-375 (Ad-miR-375). A control virus was also constructed from an empty vector with GFP only. For the β-catenin silencing adenovirus vector (si-β-catenin), we used a new method developed in our laboratory ([@gks1460-B41]). Four short hairpin RNAs were driven by four different promoters: mU6, hU6, H1 and 7SK. The four small RNA sequences for β-catenin silencing were as follows: GGACCAGGTGGTCGTTAATAA, GTGGATTCCGTACTGTTCTAC, GAATGCCGTTCGCCTTCATTA and ACTGTTGGATTGATCCGAAAC. The expression cassette was then cloned into the adenovirus vector as described earlier in the text ([@gks1460-B41]). A vector expressing four non-relevant siRNA sequences was used as a control (si-control). For the Ad-ΔGSK-β-catenin adenoviral vector, the eGFP-ΔGSK-β-catenin expression sequence was transferred from pEGFP-C1 vector into a pENTR vector. This sequence contained mutations at four GSK3β phosphorylation sites (Ser33, Ser37, Thr41 and Ser45) ([@gks1460-B42]). The pEGFP-C1 vector expressing ΔGSK-β-catenin was a gift of Dr. Angela Barth from Stanford University.

3′-Untranslated region luciferase assay
---------------------------------------

The 3′-untranslated region (3′-UTR) of rat FZD8 was PCR amplified and cloned into pGL3 vector downstream of a firefly luciferase reporter gene. The following primers for PCR were used: forward, CGCGAATTCCTGAACGGAAGCCCAGAAG, and reverse, GACTCTAGAGCTGCTGTTAGTGTAAGTGGC. The forward primer includes an EcoRI restriction site, and the reverse primer contains an XbaI restriction site. One day after plating 293A cells in a 96-well plate, 50 ng of miRNA overexpression plasmid pENTR-miR-375 was co-transfected into 239A cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) together with 5 ng of the reporter construct and 0.4 ng of control pRL-TK, which contains a Renilla luciferase gene (Promega). The cells were harvested, and luciferase activities were detected 48 h post-transfection using Dual Luciferase Reporter Assay System (Promega). In brief, 35 μl of passive lysis buffer was applied to each well. After shaking, 7 μl of cell lysate was taken for the dual-luciferase reporter assay. Firefly luciferase activity and *Renilla* luciferase activity were measured by the FLUOstar OPTIMA microplate fluorometer (BMG LABTECH, Offenburg, Germany).

Western blotting
----------------

The following primary antibodies were used in western blotting: mouse monoclonal anti-T1α (1:2000) from Dr. Mary Williams (Boston U), mouse monoclonal anti-acctive-β-catenin (ABC) (\#05-665, 1:500) from Millipore (Billerica, MA), mouse monoclonal anti-β-catenin (\#610154, 1:2000) from BD (Franklin Lakes, NJ), rabbit polyclonal anti-casein kinase 2, α 1 (CSNK2A1) (\#2656, 1:1000) from Cell signaling (Danvers, MA), goat polyclonal anti-FZD8 (sc-33504, 1:200) from Santa Cruz (Santa Cruz, CA), rabbit polyclonal anti-PDK1 (\#3062, 1:1000) from Cell signaling and rabbit polyclonal anti-β-actin from Sigma (A-2066, 1:2000). For western blots, 35 μg of protein was loaded for each sample. After being incubated with primary antibodies, the membranes were washed with Tris-Buffered Saline and Tween 20 and incubated with horseradish peroxidase-conjugated anti-mouse or rabbit secondary antibodies (1:2000) for 1 h. The target proteins were visualized with SuperSignal West Pico Chemiluminescent Substrate (Pierce) and Molecular Imager VersaDoc MP 5000 System (Bio-Rad).

Immunocytochemistry
-------------------

The cultured cells were fixed in 4% paraformaldehyde, permeabilized with 0.4% Triton X-100 and then blocked in 10% FBS. The cells were incubated with mouse anti-T1α (1:250) or rabbit polyclonal anti-surfactant protein C (SP-C) (Santa Cruz, sc-13979, 1:100) antibodies at 4°C overnight followed by incubation with Alexa 546-conjugated anti-mouse or anti-rabbit secondary antibodies (1:250). After washing, the cells were examined under a Nikon Eclipse E600 fluorescence microscope.

Chromatin immunoprecipitation assay
-----------------------------------

The Chromatin immunoprecipitation (ChIP) assay was performed with EZ-ChIP^™^ ChIP kit from Millipore (Billerica, MA). Briefly, freshly isolated AEC II or cultured cells were fixed in 1% formaldehyde. The cross-linked DNA was then sheared into ∼200--1000 base pairs in length with sonication. One percent of the sheared DNA was set aside as an input control. Anti-β-catenin antibody or normal mouse IgG was incubated with sheared DNA at 4°C overnight with rotation. Protein G Agarose was then added. Protein/DNA complexes were then eluted from the agarose, and the cross-linking then was reversed to free DNA. Purified DNA was then analyzed with PCR using the primers flanking LEF-1-binding site in the CCND1 promoter. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) promoter without LEF-1 biding sites was used as a negative control. The following primers were used: CCND1 forward TTCTCTGCCCGGCTTTGAT, CCND1 reverse CACAGGAGCTGGTGTTCCATG, GAPDH forward GTGCAAAAGACCCTGAACAATG and GAPDH reverse GAAGCTATTCTAGTCTGATAACCTCC.

Statistical analysis
--------------------

All experiments were performed with at least three independent replicates. For statistical analysis, student *t*-test was used, and *P* \< 0.05 was considered significant. All values were shown as means ± S.E.

RESULTS
=======

miR-375 expression during alveolar epithelial trans-differentiation
-------------------------------------------------------------------

We first determined miR-375 expression levels during AEC trans-differentiation. Total RNAs from freshly isolated AEC II and those cultured in plastic dishes for 1--5 days (D0, D1, D3 and D5) were assayed for their expression of miR-375 using real-time PCR. The expression of miR-375 was decreased significantly during alveolar epithelial trans-differentiation. On Day 3 and Day 5, the expression of miR-375 was only 16 and 11% of that on Day 0 ([Figure 1](#gks1460-F1){ref-type="fig"}), respectively. Figure 1.The expression pattern of miR-375 in the AEC trans-differentiation. Freshly isolated AEC II were cultured for 0, 1, 3 or 5 days (D0, D1, D3 or D5) on plastic dishes. Relative expression of miR-375 was determined by qRT-PCR. The expression level of miR-375 at each time point was normalized to U6. Data shown are means ± S.E. from three independent cell preparations, each assayed in duplicate.

miR-375 is enriched in AEC II
-----------------------------

The relative expression of miR-375 in freshly isolated AEC II and the whole lung was measured using qRT-PCR. The relative expression level of miR-375 was 2.5-fold higher than that in the whole lung ([Figure 2](#gks1460-F2){ref-type="fig"}). Figure 2.Expression of miR-375 in AEC II and the lung. The expression of miR-375 in freshly isolated AEC II and the whole lung was determined by qRT-PCR and normalized to U6. Data shown are means ± S.E. from three independent replicates. \**P* \< 0.0001.

Expression pattern of miR-375 in lung development
-------------------------------------------------

To study the functions of miR-375 in alveolar epithelial trans-differentiation, we also determined the expression of miR-375 during fetal lung development that involves trans-differentiation using qRT-PCR. The development of the fetal lung can be divided into four stages: the embryonic phase, the glandular or pseudoglandular phase, the canalicular phase and the saccular phase. We selected different time points that represent different stages of lung development and determined the expression of miR-375 at these time points. In rat, the canalicular phase starts on Day 18 and ends on Day 20. The saccular phase lasts from Day 20 to full term. AEC II first appear in the transition from the canalicular to the saccular phase. During the saccular stage, the differentiation of AEC II becomes more evident. As determined by qRT-PCR, the expression of miR-375 increased at this late stage (E21 and P0) ([Figure 3](#gks1460-F3){ref-type="fig"}), which could result from more differentiated AEC II in the lung. The change in miR-375 level during lung development was lower compared with that in the trans-differentiation process. This is likely owing to the fact that miR-375 levels were measured in whole lung tissue, not in a specific cell type. It is also possible that an miRNA expression could be shifted from one type of cells to another type of cells during development. For example, we have previously observed that miR-127 is dominantly localized in mesenchymal cells at embryonic day 19 and shifted toward the epithelial cells at embryonic day 21 ([@gks1460-B39],[@gks1460-B40]). Figure 3.The expression pattern of miR-375 during fetal lung development. Whole lungs were isolated from rat fetuses on gestational day 16, 19, 21 (E16, E19, E21), new born (P0), postnatal day 6 and 14 (P6 and P14) and adult (AD) rats. The expression levels of miR-375 were determined with qRT-PCR. Expression data were normalized to U6. \**P* \< 0.001. Data shown are means ± S.E. from three independent replicates.

miR-375 inhibits AEC trans-differentiation
------------------------------------------

The expression of miR-375 significantly decreased during alveolar epithelial trans-differentiation. It is reasonable to expect that the decrease of endogenous miR-375 is important for this process. To study the function of miR-375 in this process, an adenovirus overexpressing miR-375 was used to transduce AEC II. The overexpression efficiency was assessed by eGFP signals and qRT-PCR for miR-375 on Day 4. Nearly 100% of the cells were expressing eGFP ([Figure 4](#gks1460-F4){ref-type="fig"}a). The expression of miR-375 was markedly increased compared with that in cells transduced with the control virus ([Figure 4](#gks1460-F4){ref-type="fig"}b). Figure 4.Effect of miR-375 overexpression on the trans-differentiation of AEC II to AEC I. Freshly isolated AEC II were transduced with a miR-375 overexpression virus or a virus control (VC) (MOI = 100) or none (NVC) and cultured for 4 days. (**a**) Bright-field and GFP fluorescence of miR-375-transduced cells. (**b**) miR-375 levels revealed by real-time PCR. Data were normalized to U6. (**c**) Immunofluorescence of T1α and SP-C using anti-T1α and anti-SP-C antibodies. Because of GFP, double-labeling is not practical. (**d**) The expression of T1α was detected and quantitated with western blots. Data were normalized to β-actin. (**e**) The mRNA levels of T1α and RAGE were determined by qRT-PCR. Data shown are means ± S.E. from three independent cell preparations. \**P* \< 0.001.

The effect of miR-375 overexpression on AEC trans-differentiation was monitored after culturing for 4 days. T1α, a marker protein for AEC I, and SP-C, a marker protein for AEC II, were detected with immunofluorescence. In non-virus and virus controls, SP-C disappeared and T1α increased significantly, indicating that AEC II trans-differentiated into AEC I ([Figure 4](#gks1460-F4){ref-type="fig"}c). In cells overexpressing miR-375, T1α was significantly decreased, and SP-C was increased in comparison with controls ([Figure 4](#gks1460-F4){ref-type="fig"}c). The expression level of T1α was further determined using western blots. The amount of T1α in cells overexpressing miR-375 decreased significantly compared with that in cells transduced with the control virus (*P* \< 0.001). The control virus had no effects on T1α expression ([Figure 4](#gks1460-F4){ref-type="fig"}d). In addition, the mRNA levels of T1α and RAGE, AEC I markers, were dramatically increased during trans-differentiation and were significantly inhibited by miR-375 ([Figure 4](#gks1460-F4){ref-type="fig"}e). These results suggest that alveolar epithelial trans-differentiation is inhibited by miR-375.

miR-375 inhibits Wnt/β-catenin pathway
--------------------------------------

It has been shown that Wnt/β-catenin signaling pathway can promote AEC trans-differentiation in the *in vitro* model ([@gks1460-B37]). We tested whether this pathway was affected by miR-375. In freshly isolated AEC II, there was almost no β-catenin that could be detected. After culturing for 4 days, there was an abundance of β-catenin ([Figure 5](#gks1460-F5){ref-type="fig"}a). Interestingly, the mRNA level of β-catenin did not change during culture ([Figure 5](#gks1460-F5){ref-type="fig"}c). The overexpression of miR-375 slightly decreased the total amount of β-catenin, but did not reach a significant level. The activated β-catenin (ABC) can be detected with the antibody that recognizes β-catenin dephosphorylated on Ser37 or Thr41. ABC was decreased significantly after miR-375 overexpression ([Figure 5](#gks1460-F5){ref-type="fig"}b). Figure 5.Effect of miR-375 on the Wnt/β-catenin pathway. Freshly isolated AEC II (D0) were transduced with Ad-miR-375 (miR-375) or control virus (VC) (MOI = 100) or none (NVC) and cultured for 4 days. The relative amounts of total β-catenin and activated β-catenin (ABC) were detected with western blots (**a** and **b**) and qRT-PCR (**c**) after miR-375 overexpression in the AEC trans-differentiation. Data shown are means ± S.E. from three independent replicates. \**P* \< 0.01. (**d**) ChIP assays were used to detect the association of β-catenin with the promoter of CCND1 in AEC II transduced with Ad-miR-375 or the virus control and cultured for 4 days. Mouse normal IgG was used as a negative control. The promoter of GAPDH was used as another negative control.

Cyclin D1 (CCND1) is a direct transcriptional target of the β-catenin/LEF-1 pathway. The expression of CCND1 is regulated by this pathway through a LEF-1 binding site in the CCND1 promoter ([@gks1460-B43]). We further used ChIP assay to detect the binding of β-catenin to the promoter of CCND1 during the process of trans-differentiation after transduction of miR-375 or control virus (VC). Fractions of the sheared DNA samples were set aside as input controls. The rest of the DNA was precipitated with the β-catenin antibody or mouse normal IgG. The purified DNAs from the precipitations were amplified using the primers for LEF-1 binding site and the flanking sequences of the CNND1 promoter. As expected, the overexpression of miR-375 eliminated the association between β-catenin and the promoter of CCND1 ([Figure 5](#gks1460-F5){ref-type="fig"}d). β-catenin did not bind to the GAPDH promoter that did not have the LEF-1 binding sites. The negative control using normal IgG did not yield signals. These data provided evidence that miR-375 can inhibit the canonical Wnt/β-catenin pathway.

Knockdown of β-catenin inhibits AEC trans-differentiation
---------------------------------------------------------

To test whether the inhibition of alveolar epithelial trans-differentiation is caused by inhibition of the Wnt/β-catenin pathway, we decided to knockdown β-catenin to block this pathway. We used a novel method to construct an adenovirus vector that expresses four shRNAs targeting to β-catenin (si-β-catenin) ([@gks1460-B41]). AEC II were treated with si-β-catenin, or control virus, on D0 with a multiplicity of infection (MOI) of 100. The cells were collected on Day 4, and the expression of β-catenin was detected by western blot. As shown in [Figure 6](#gks1460-F6){ref-type="fig"}, the expression of β-catenin was reduced by \>90%. The silencing of β-catenin led to the decrease in T1α, indicating the inhibition of AEC trans-differentiation. Figure 6.Effect of silencing β-catenin on trans-differentiation. AEC II were transduced with β-catenin silencing virus (si-β-catenin) or control virus (si-control) and then cultured for 4 days. The expression of β-catenin and T1α was detected with western blots (**a**). The signals were quantitated, and the expression levels were shown as the fractions of those in the si-controls (**b**). Data shown are means ± S.E. from three independent replicates. \**P* \< 0.01.

Stabilized β-catenin blocks the effect of miR-375
-------------------------------------------------

To demonstrate that the regulation of miR-375 on the AEC trans-differentiation is through downregulation of activated β-catenin, we transduced AEC II with adenovirus Ad-ΔGSK-β-catenin, which expressed a stabilized form of β-catenin without GSK3β phosphorylation sites (ΔGSK-β-catenin) ([@gks1460-B42]). The expression of ΔGSK-β-catenin was confirmed by western blots with ABC antibody ([Figure 7](#gks1460-F7){ref-type="fig"}a). The expression of T1α was decreased by miR-375 overexpression in the absence of ΔGSK-β-catenin. In the cells treated with Ad-ΔGSK-β-catenin, the expression of T1α was not affected by miR-375 anymore ([Figure 7](#gks1460-F7){ref-type="fig"}a). The quantitated data are presented in [Figure 7](#gks1460-F7){ref-type="fig"}b. These results showed that expression of stabilized β-catenin and thus constitutively activation of Wnt/β-catenin pathway blocked the effect of miR-375 on the trans-differentiation. Figure 7.Effect of stabilized β-catenin on the trans-differentiation. Freshly isolated AEC II were transduced with Ad-miR-375 or virus control with or without the expression of eGFP-ΔGSK β-catenin as indicated in the figure (Ad-miR-375 MOI = 50 and Ad-ΔGSK β-catenin MOI = 5). Cells were then cultured for 4 days. (**a**) The expression of T1α and eGFP-ΔGSK β-catenin was detected by western blots using anti-T1α and anti-ABC antibodies, respectively. (**b**) The western blots were quantitated. Data shown were means ± S.E. from four independent experiments. \**P* \< 0.001. NS: not significant.

FZD8 is a target of miR-375 in the Wnt/β-catenin pathway
--------------------------------------------------------

The web-based software TargetScan and PicTar predicted FZD8 as a target of miR-375. To verify the prediction, we produced a reporter construct by fusing the 3′-UTR of FZD8 with a firefly luciferase reporter gene. The miRNA-375 overexpression plasmid and the luciferase reporter construct were transfected into 293A cells together with a control vector pRL-TK, which contains a *Renilla* luciferase gene. As shown in [Figure 8](#gks1460-F8){ref-type="fig"}a, the luciferase activity of the reporter construct containing the 3′-UTR of FZD8 was significantly decreased by miR-375. Figure 8.Identification of target genes. (**a**) Luciferase assay*.* 3′-UTR of FZD8 was fused with the firefly luciferase gene. miR-375 overexpression plasmids were co-transfected with the luciferase-3′-UTR constructs into 293 A cells. Luciferase activity was determined 48 h post-transfection. The firefly luciferase activity was first normalized to the *Renilla* luciferase activity and then expressed as a ratio of the control plasmid. (**b** and **c**) Effect of miR-375 on the expression of endogenous FZD8. AEC II were transduced with Ad-miR-375 or virus control (MOI = 100) and then cultured for 4 days. The protein and mRNA levels of FZD8 were detected with western blots (b) and qRT-PCR (c). The expression levels of CSNK2A1 (**d**) and PDK1 (**e**) were detected with western blots. Data represent means ± S.E. from at least three replicates. \**P* \< 0.01, \*\**P* \< 0.001. The blots shown are representatives of three independent replicates.

To confirm that endogenous FZD8 is regulated by miR-375, we examined the effects of miR-375 on the expression of FZD8 during AEC trans-differentiation. The protein level of FZD8 was decreased significantly by miR-375 as shown in [Figure 8](#gks1460-F8){ref-type="fig"}b. The mRNA level of FZD8 was also decreased by 60% after miR-375 overexpression compared with cells infected with the control virus ([Figure 8](#gks1460-F8){ref-type="fig"}c). All together, miR-375 inhibits the expression of FZD8 at both protein and mRNA levels.

Casein kinase II, alpha 1 (Csnk2a1) polypeptide is another predicted target of miR-375 in the canonical Wnt signaling pathway. However, the protein expression of CSNK2A1 was not affected by miR-375 overexpression ([Figure 8](#gks1460-F8){ref-type="fig"}d). These data ruled out the possibility that miR-375 regulates Wnt/β-catenin signaling through CSNK2A1 during AEC trans-differentiation.

It has been reported that PDK1 is a direct target of miR-375 in gastric carcinomas ([@gks1460-B14]). To test whether it is the same in our case, we also examined the expression of PDK1 during AEC trans-differentiation ([Figure 8](#gks1460-F8){ref-type="fig"}e). The expression of PDK1 was not changed during the trans-differentiation (from D0 to D4) and was not decreased by miR-375 overexpression. These data indicate that PDK1 is not the target of miR-375 in AEC, probably because of the differences in cell environment.

miR-375 is downregulated in idiopathic pulmonary fibrosis
---------------------------------------------------------

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive interstitial lung disease, characterized by fibrosis and excessive deposition of collagen in the pulmonary interstitium ([@gks1460-B44]). IPF is also characterized by AEC II hyperplasia ([@gks1460-B44],[@gks1460-B45]). A role of alveolar epithelial injury, AEC II proliferation and trans-differentiation in IPF pathogenesis and progression has been demonstrated ([@gks1460-B44]). In this study, we determined the expression of miR-375 in the lung samples from IPF patients using qRT-PCR. The expression of miR-375 was decreased in severe IPF \[50--80% forced vital capacity (FVC) and \<50% FVC\] compared with less severe IPF (\>80%) ([Figure 9](#gks1460-F9){ref-type="fig"}). This result is consistent with our discovery that miR-375 is decreased during AEC II trans-differentiation. Figure 9.The expression of miR-375 is downregulated in IPF*.* The expression of miR-375 in the lungs of patients with different stages of IPF was determined with qRT-PCR. Data were normalized to U44. *n* = 10 for \< 50% FVC, *n* = 10 for 50--80% FVC and *n* = 8 for \> 80% FVC. \**P* \< 0.05.

DISCUSSION
==========

In this study, miR-375 was found to be downregulated during AEC differentiation. Further studies demonstrated that miR-375 inhibited the process of trans-differentiation when it was overexpressed in isolated AEC II. miR-375 also inhibited the Wnt/β-catenin pathway and constitutively activated β-catenin reversed the miR-375 effects, indicating that miR-375 acts at upstream of β-catenin. FZD8 was identified as one of the targets of miR-375. Together, these data indicate that miR-375 inhibits AEC trans-differentiation through the inhibition of Wnt/β-catenin pathway, and effects of miR-375 on FZD8 could play a role in this process ([Figure 10](#gks1460-F10){ref-type="fig"}). Figure 10.miR-375 inhibits AEC trans-differentiation through the inhibition of Wnt/β-catenin pathway.

To our knowledge, this is the first report studying the function of miR-375 in the lung epithelial cell differentiation. When miR-375 was first identified, it was found to be restricted only to pancreatic islets, but not in other tissues ([@gks1460-B9]). However, we have shown that miR-375 is highly expressed in the rat lung in comparison with heart, liver, kidney, spleen and brain ([@gks1460-B15]). This result was verified by northern blots. In this study, we discovered that miR-375 was enriched in AEC II, and the expression of miR-375 was dramatically downregulated during the trans-differentiation of AEC II to AEC I. In addition, miR-375 expression in fetal lungs was lower than that in the adult lung. All of the expression data suggest a potential role of miR-375 in the lung.

There have been several studies regarding the function of miR-375 in the pancreas. miR-375 suppresses insulin secretion by direct targeting of the mRNA of Mtpn ([@gks1460-B9]). miR-375 not only regulates the function of the pancreatic islet but also affects the development of pancreatic islets. Knockdown of miR-375 results in aberrant formation of the pancreas islet ([@gks1460-B10]). In addition, miR-375 can maintain normal pancreatic α and β cell mass and therefore normal glucose homeostasis ([@gks1460-B46]).

In spite of all these studies in the pancreas, there are few functional studies of miR-375 in other organs. It has been reported that the expression of miR-375 is downregulated in hepatocellular tumors ([@gks1460-B47],[@gks1460-B48]). An expression ratio of miR-221:miR-375 showed a high sensitivity and specificity for head and neck squamous cell carcinoma, indicating that miR-375 may be used as a diagnostic marker for cancers ([@gks1460-B47]).

We have demonstrated that miR-375 inhibits pulmonary surfactant secretion from AEC II ([@gks1460-B40]). This inhibition is carried out via the reorganization of cytoskeleton, rather than effects on surfactant synthesis or the formation of lamellar bodies ([@gks1460-B40]). The result is reminiscent of the function of miR-375 in the regulation of insulin secretion in pancreas islets ([@gks1460-B9]).

The Wnt signaling pathway has been proven to have widespread roles in tissue differentiation and organogenesis ([@gks1460-B49]), including fetal lung development. This pathway regulates branching morphogenesis and epithelial cell differentiation ([@gks1460-B30],[@gks1460-B31]). Wnt7b and Wnt5a induce lung branching morphogenesis through epithelial-mesenchymal communications, possibly via N-myc, bone morphogenetic protein 4 (BMP4) and fibroblast growth factor (FGF) signaling. An activated form of β-catenin causes ectopic differentiation of AEC II-like cells in airways, indicating a critical role for the Wnt/β-catenin signaling pathway in the differentiation of the lung epithelial cells ([@gks1460-B32]).

A recent study, which used the same AEC II culture model as we did, showed the pivotal function of β-catenin pathway during alveolar epithelial trans-differentiation ([@gks1460-B37]). Constitutive β-catenin signaling cannot be detected in adult AEC II *in vivo* or in freshly isolated AEC II. This signaling is activated after the lung is subjected to bleomycin-induced injury or during the culture of AEC II. Activation of Wnt/β-catenin pathway promotes AEC trans-differentiation, whereas forced inhibition of this pathway leads to an increase in cell death ([@gks1460-B37]). In our study, we also found that this pathway was activated during this process of trans-differentiation, and the silencing of β-catenin inhibited the trans-differentiation. Total β-catenin protein could not be detected in freshly isolated AEC II and increased markedly in cultured AEC II. However, the mRNA level of β-catenin did not change in freshly isolated and cultured AEC II. This could result from detachment of β-catenin from cell--cell adhesion complex and degradation by proteasomes during AEC II isolation.

miR-8 negatively regulates Wnt/Wingless pathway at multiple levels by directly targeting *wntless* and *CG32767* and by repressing the protein level of T-cell factor in *Drosophila* ([@gks1460-B50]). The depression of the Wnt signaling by miR-8 leads to promotion of adipogenesis in mammals ([@gks1460-B50]). Canonical Wnt signaling is important for osteoblast differentiation. miR-29a modulates osteoblast differentiation by directly targeting the negative regulators of Wnt/β-catenin signaling, namely Dkk1, Kremen2 and sFRP2. On the other hand, the miR-29a promoter activity is under the regulation of canonical Wnt pathway ([@gks1460-B51]). The activation of canonical Wnt pathway induces miR-29a transcription, which subsequently downregulates Wnt antagonists and induces the Wnt signaling even further.

Although we are the first to report that the Wnt/β-catenin pathway is regulated by miR-375, we are not the only group that is interested in the relation between miR-375 and this pathway. The downregulation of miR-375 is associated with β-catenin mutations in hepatocellular tumors ([@gks1460-B48]), suggesting that the activation of β-catenin signaling represses miR-375. Our results showed that miR-375 can inhibit the Wnt/β-catenin pathway. During trans-differentiation, miR-375 is downregulated and the β-catenin signaling is activated, which could lead to further depression of miR-375. It is likely that miR-375 regulates AEC trans-differentiation through this feedback loop. In this process, miR-375 may work as a switch of trans-differentiation. Once miR-375 decreases at the beginning of trans-differentiation, the Wnt/β-catenin signaling is activated, which leads to further depression of miR-375 expression, and the process cannot go backward.

To investigate the mechanism of how miR-375 regulates AEC trans-differentiation through the Wnt/β-catenin pathway, we identified FZD8 as a target of miR-375. FZD8 is one of the Wnt receptors. The binding of Wnt ligands and the FZD8 receptor leads to the stabilization of cytoplasmic β-catenin and activate canonical Wnt pathway. Whole-mount RNA *in* situ hybridizations have shown that FZD8 is highly expressed throughout the epithelium during the early stage of the mouse lung development ([@gks1460-B36]). We demonstrate in this study that miR-375 downregulates the mRNA and protein levels of FZD8 during AEC trans-differentiation, leading to the inhibition of the Wnt/β-catenin pathway.

FZD8 is not likely the only target of miR-375. Targetscan software predicts 141 and 117 targets for human and rat miR-375. However, many of the predictions cannot be verified experimentally. Furthermore, the relationship between miRNAs and targets is also cell content- and developmental stage-dependent. One of the components of the Wnt/β-catenin signaling, CSNK2A1 (casein kinase II), is another predicted target of miR-375; PDK1 has been experimentally verified as a direct target of miR-375 in gastric carcinomas ([@gks1460-B11]). However, both CSNK2A1 and PDK1 protein levels were not changed during the trans-differentiation of AEC II to AEC I and thus are not likely targets of miR-375 in AECs. Other targets identified in literature including yes-associated protein, neuronal RNA-binding protein HuD, Dexamthasone-induced Ras-related protein 1 (RASD1) and Mtpn are not obviously related to Wnt/β-catenin signaling ([@gks1460-B12],[@gks1460-B52],[@gks1460-B53]).

AEC trans-differentiation is involved in IPF pathogenesis and progression. It has been reported that Wnt/β-catenin pathway is significantly activated in AEC II from IPF patients ([@gks1460-B54],[@gks1460-B55]). Increased Wnt/β-catenin signaling induces AEC proliferation and probably trans-differentiation. In another word, a process similar to AEC trans-differentiation is involved in IPF. There is a negative correlation between the expression of miR-375 and activation of Wnt/β-catenin signaling in IPF, which further indicates that miR-375 may modulate AEC trans-differentiation through the regulation of the canonical Wnt signaling pathway in the diseased state.

AEC trans-differentiation is important for the recovery of injured alveolar epithelium resulting from a variety of disease conditions. Thus, the findings from this study may shed light on the recovery of lung injuries. The discovery that downregulation of miR-375 and activation of the Wnt/β-catenin pathway are necessary for this process may provide potential targets for therapeutic intervention. In addition, it is also well known that abnormal activation of Wnt signaling resulting from several different genetic defects causes cancer ([@gks1460-B56]). It is possible that the inhibition of Wnt signaling by miR-375 can be used as a therapeutic method to treat cancer.

In summary, we identified a new function of miR-375 in AEC trans-differentiation. The regulation of the trans-differentiation is through the inhibition of the canonical Wnt pathway likely by direct targeting of FZD8. This discovery may provide potential targets for therapeutic intervention in the recovery from lung injuries.
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